The complete Hox gene complement of the Japanese pufferfish has now been determined, together with the genomic organisation of all four Hox gene clusters. One of the many surprises is that this strange fish has lost an unusually large number of Hox genes.
The Hox gene clusters have proven a magnet to those interested in links between molecular and phenotypic evolution. For example, it has been suggested that the evolution of Hox genes, and their tandem duplication to create a gene cluster, was pivotal to the origin of multicellular animals [1] . Further tandem duplications may have allowed increasing specialisation of body parts, as first suggested by Lewis twenty years ago [2] . Tandem duplication is not the only way of increasing the number of Hox genes; an alternative route, adopted by vertebrates, is to duplicate the entire gene cluster. Thus, human and mouse genomes each have four separate Hox gene clusters, on four different chromosomes, containing a total of 39 genes [3] ; their DNA sequences clearly indicate they arose by copying of a single ancestral Hox cluster. Scattered information from a range of vertebrates and invertebrates helps date this copying event. All vertebrates examined have multiple Hox gene clusters, whilst invertebrates possess just a single cluster; the cluster duplications occurred very early in vertebrate evolution, therefore, perhaps facilitating the evolution of the greater complexity exhibited by vertebrates [4] .
These gene and gene-cluster duplications created differences in Hox gene complement between major animal taxa. In contrast, it has been widely assumed that the number of Hox genes has remained relatively static throughout the evolutionary diversification of the jawed or 'higher' vertebrates. Thus, conclusions drawn from analysis of the 39 mouse Hox genes have been generally applied to mammals, birds, reptiles, amphibia and fish. Such extrapolation has found its way into many papers and review articles; for example, diagrams of mouse Hox gene clusters are often labelled as being those of 'vertebrates'.
A recent paper by Aparicio et al. [5] indicates that we should be much more careful in future. It also adds greatly to our knowledge of how vertebrate Hox gene clusters have evolved. Using the technique of genomic walking with a combination of cosmid and phage libraries, Aparicio et al. [5] have identified four distinct clusters of Hox genes in the Japanese pufferfish Fugu rubripes. They then subjected each of the gene clusters to thorough shotgun DNA sequencing. This allowed them to identify, and partially sequence, every Hox gene in the four genomic clusters, determine their relative spacing and, for two of the clusters, find one of the flanking genes.
Hox genes have been cloned from several fish species before, of course, but previous reports have relied either on polymerase chain reaction (PCR) [6] or cDNA screening, or they have focused on parts of gene clusters [7] . None has yielded anywhere near the amount of information as the latest work. The major advantage of laborious genomic characterisation, as performed by Aparicio et al. [5] , is that the absence of particular Hox genes, not just the presence, can be definitely proven -a task made simpler by the stereotyped organisation of Hox gene clusters. The Fugu work, therefore, gives us a first and long-awaited chance to compare the Hox gene complement and organisation between very divergent vertebrate species: mouse (or human) and pufferfish.
So how do the pufferfish Hox gene clusters compare to those of mouse? First, three of the four Fugu Hox clusters are directly equivalent (orthologous) to three of the four mouse Hox clusters -those denoted Hoxa, Hoxb and Hoxc. The DNA sequences of genes in the fourth Fugu cluster, however, do not match closely to those of mouse Hoxd or to a partially characterised zebrafish gene cluster purported to be Hoxd. This is certainly strange, and suggests some unexpected complexity in the evolution of Hox gene clusters. One possibility is that genes within the Hoxd cluster are acquiring mutations more rapidly than other Hox genes, thereby obscuring the recognition of orthology between species. Alternatively, the fourth Fugu cluster might not be Hoxd at all, but could be derived from an extra gene cluster in fish, a descendant of an extra Hox cluster duplication -a hitherto unknown Hoxe! If this is the case, however, it seems likely that Fugu has lost the true Hoxd cluster, as it should have been found by the thorough genomic screens reported by Aparicio et al. [5] .
Leaving aside the numbers of clusters and turning to their composition, some intriguing conclusions emerge. Considering just Hoxa, Hoxb and Hoxc, Aparicio et al. [5] find that Fugu completely lacks four Hox genes present in mouse and human. If the unusual Hoxd is included in the comparison, a further five mouse genes join the missing list in Fugu. One gene reverses the trend, being present in Fugu but not in mouse or human. Thus, vertebrate species can differ quite considerably in their Hox gene complements. Whilst the mouse has 39 Hox genes in four chromosomal clusters, the pufferfish Fugu has just 31 Hox genes, again in four clusters. There is no magical Hox formula used to build all vertebrate embryos. This tells us that Hox genes differ between vertebrates, but what can it tell us about how these differences came about? Do not be tempted to think that with comprehensive data from representatives of just two vertebrate lineages -Fugu plus mammals -we cannot take an evolutionary perspective. Some strong inferences can already be made. First, we can assume that any Hox gene present in both Fugu and mouse was also present in their most recent common ancestor, swimming in the Silurian seas over 400 million years ago. We can also safely infer that any Hox gene present in either species was also present in that common ancestor, as there is no evidence for any extra tandem duplications (duplications within a cluster) after formation of the four gene clusters.
These comparisons imply that the common ancestor of Fugu and mouse, or more generally, of ray-finned fish and tetrapods, possessed 40 Hox genes. In fact, the figure may be slightly higher at 42, as Aparicio et al. [5] find corroded traces of two Hox genes in Fugu (remnants of Hoxc-1 and Hoxc-3). The fact that pseudogene remnants are still recognisable suggests that loss of pufferfish Hoxc-1 and Hoxc-3 occurred relatively recently (or, at least, after rayfinned fish diverged from the tetrapod lineage). Hence, the common ancestor of Fugu and mouse probably possessed functional Hoxc-1 and Hoxc-3 genes; these genes seem to have been lost independently in Fugu and mouse. Dispatch R571
Figure 1
A possible scheme for Hox gene cluster evolution in chordates, as inferred from a comparison of mouse, pufferfish (Fugu) and amphioxus. Note that the extent of Hox gene loss has been dramatically different in distinct evolutionary lineages. The particular scheme shown assumes that mouse and Fugu Hoxd clusters are orthologous, and that Hoxc-1 and Hoxc-3 have been lost indpendently in two lineages; these suggestions, and alternatives, are discussed in the text. We can, therefore, start to piece together a model of Hox gene cluster diversification within vertebrates (see Figure 1 ). Early vertebrates possessed as many as 52 Hox genes, falling by gene loss to around 42 in the early jawed fishes, and then dropping further in different descendent lineages -down to 39 in mouse and human, and 31 in Fugu. Clearly, gene loss dominates the picture. Loss of genes rather rapidly after gene duplication is not surprising, in fact it is consistent with the view that redundant genes are often rapidly deleted. This could easily explain the drop from 52 to 42 Hox genes, but such a theory cannot account for the continuing gene loss in lineages after this point.
What are we to make of the fact that Hox genes have been lost tens of millions of years after they have arisen by gene duplication? Two clues can be seen in the figure. First, note that these 'late' Hox gene losses occurred far more often in the Fugu lineage than in the mouse lineage. Second, some of the losses in Fugu are particularly strange. In particular, Fugu has lost all four members of paralogy group 7, a type of Hox gene that can be traced back to before vertebrate origins! This is no simple deletion of redundant genes, but a thorough purging of both the duplicate copies and the original! Add to these clues the fact that Fugu is no ordinary fish. Pufferfish are members of the order Tetradontiformes, a group of fish typified by weird morphology and even weirder habits. Perhaps the Tetradontiformes, or even just the puffers, have undergone an accelerated loss of Hox genes in concert with gross modification of the body plan? Perhaps a fish that has lost its pelvic fins, pelvic bones and ribs, reduced its scales and done some very peculiar things with its jaws can simply do without genes normally used for patterning fins, the skeleton and some other bodily parts. Evolutionary biologists are posed with a tantalising question. Is this a beautiful example of co-evolution between genotype and phenotype, or has Fugu thrown us a red herring?
